Chemically accurate full-dimensional non-spin-orbit and spin-orbit (SO) ground-state potential energy surfaces (PESs) are obtained for the Br + CH 4 → HBr + CH 3 reaction by fitting 21 574 composite ab initio energy points. The composite method considers electron correlation methods up to CCSD(T), basis sets up to aug-cc-pwCVTZ-PP, correlation of the core electrons, scalar relativistic effects via an effective core potential (ECP), and SO corrections, thereby achieving an accuracy better than 0.5 kcal/mol. Benchmark structures and relative energies are computed for the stationary points using the ab initio focal-point analysis (FPA) scheme based on both ECP and Douglas−Kroll approaches providing all-electron relativistic CCSDT(Q)/complete-basis-set quality energies. The PESs accurately describe the saddle point of the abstraction reaction and the van der Waals complexes in the entrance and product channels. The SO-corrected PES provides a classical barrier height of 7285(7232 ± 50) cm −1 , D e values of 867(799 ± 10) and 399(344 ± 10) cm
I. INTRODUCTION
Accurate dynamical simulations of chemical reactions began with computations for A + BC → AB + C reactions. Solution of the electronic Schrödinger equation at fixed nuclear configurations provides the points of the Born−Oppenheimer (BO) potential energy surface (PES), on which the chemical reaction occurs. The early dynamical studies on the triatomic A + BC systems found that the location of the barrier on the PES, which separates the reactants from the products, determines many details of the reaction dynamics. This observation led to the rules of thumb of reaction dynamics. These rules, now called Polanyi rules, 1 predict that vibrational energy is more efficient than translational energy to activate the late-barrier bimolecular reactions, and the reverse is true for early-barrier reactions. Chemists began to extend the studies of A + BC systems by replacing the diatomic BC with tri-(H 2 O), 2-4 tetra-(NH 3 ), 5 and penta-atomic (CH 4 ) 6-11 molecules. As the systems become more complex, the extension of the Polanyi rules may be problematic due to the increasing number of vibrational degrees of freedom. The theoretical simulation of polyatomic reactions also bea) E-mail: czako@chem.elte.hu.
comes challenging due to the high dimensionality of the PES. Recent advances in the representation of PESs of high dimensionality allow developing chemically accurate PESs for six-atom reactions based on fitting a moderate number of ab initio electronic energies. 12, 13 In the past 4 years we developed high-quality ab initio PESs for the X + CH 4 reactions, where X is F, Cl, and O. [14] [15] [16] [17] Quasiclassical and quantum dynamical computations 14, 15, [17] [18] [19] [20] on these PESs supported and explained most of the available experimental findings 8, [21] [22] [23] and predicted results that inspired experimental reinvestigations 24 and may inspire future measurements. For H + H 2 O/HDO the Polanyi rules seem to work well, but recent experiments and computations on the F + H 2 O reaction 25 and the more complex X + CH 4 reactions found that the dynamics do not always follow our chemical expectations, e.g., CH stretching excitation enhances the D abstraction channel in the F + CHD 3 reaction. 8 Clearly, more experimental and theoretical studies are needed to get a deeper understanding of the dynamics of polyatomic chemical reactions.
The present study focuses on the Br + CH 4 → HBr + CH 3 reaction complementing the previous work on F, O, and Cl + CH 4 systems. The shapes of the PESs of these X + CH 4 reactions are significantly different; thus, we can expect to gain new insight into the dynamics of polyatomic reactions by varying X from F to Br. The location of the barrier shifts from reactant-like to product-like for F (early barrier and very exothermic), O (central barrier and slightly endothermic), Cl (late barrier and slightly endothermic), and Br (late barrier and very endothermic), in order. The Br + CH 4 reaction has the unique feature that the saddle point and the HBr + CH 3 asymptote have nearly the same energy. Many theoretical and experimental studies show that the rate constants of the HBr + CH 3 reaction have a strong nonlinear Arrhenius behavior and negative temperature dependence at lower temperatures, [26] [27] [28] but the detailed explanation of the kinetics is still an open question. There are a lot of contradictions in the literature about the sign of the saddle-point energy relative to HBr + CH 3 and the existence/stability of a CH 3 -HBr complex, which may or may not affect the dynamics and kinetics of the HBr + CH 3 reaction. Theoretical studies based on Gaussian-1 theory, 29 all-electron UMP2/6-311G(3df,d,p), 26 and frozen-core CCSD(T)/cc-pVTZ + BSSE 30 found a positive vibrationally adiabatic ground state barrier height, whereas a slightly negative barrier was predicted by QCISD(T)/6-311++G(3df,3pd)//QCISD/6-311G(2df,2p), 31 MP4/6-311 ++G(3df,3pd)//QCISD/6-31+G(d), 27 and frozen-core ECP-RCCSD(T)/cc-pVnZ-PP//QCISD/6-311G(d,p) extrapolated to the complete basis set (CBS) using n = 2−4. 28 In the present study we finally resolve the contradictions by employing the state-of-the-art ab initio focal-point analysis (FPA) technique, 32, 33 thereby improving the accuracy and reducing the uncertainty concerning the energetics of the title reaction. The FPA systematically improves the level of the electron correlation methods, the size of the basis sets, and considers relativistic effects, thereby approaching the relativistic all-electron full-configuration-interaction/completebasis-set limit 34 and providing good estimates for the uncertainties of the final results. To work with experimentally relevant quantities, zero-point vibrational energy (ZPE) corrections are added to the purely theoretical equilibrium values. The FPA for the title reaction employs correlation methods up to all-electron CCSDT(Q), basis sets up to augcc-pwCV5Z allowing accurate extrapolation to the CBS limit, scalar relativistic, spin-orbit (SO), and ZPE corrections. Since the title reaction involves a heavy atom (Br) we pay special attention to the core-core and core-valence correlation effects as well as the scalar relativistic effects by comparing two alternative methods based on either effective core potentials (ECP) or Douglas−Kroll (DK) relativistic one-electron integrals.
Following the early PES developments based on reduced-dimensional ab initio 26 and full-dimensional semiempirical 30 methods, we report here the first full-dimensional ab initio PES for the Br + CH 4 → HBr + CH 3 reaction. We employ the permutationally invariant polynomial approach 12, 13 to fit a large number of accurate composite ab initio energies. The composite method considers electron correlation up to all-electron CCSD(T), basis sets up to augcc-pwCVTZ-PP, scalar relativity based on ECP, and SO effects at the all-electron ECP-MRCI+Q/aug-cc-pwCVDZ-PP level of theory. We show the accuracy and efficiency of this composite method by comparing to various ab initio levels of theory. The structures, harmonic vibrational frequencies, and energies of the stationary points of the PES are calculated and compared to the new benchmark data.
The new analytical PES opens the door for many dynamical investigations both for the Br + CH 4 and HBr + CH 3 reactions. In this paper we focus on the mode-selective dynamics of the Br + CH 4 reaction. Quasiclassical trajectory (QCT) calculations are performed for the reactant groundstate, bending-excited, and stretching-excited Br( 2 P 3/2 ) + CH 4 reactions at different collision energies. We compare the QCT results with previous findings on other X + CH 4 reactions, which may extend our chemical knowledge on modeselective polyatomic reactivity.
II. BENCHMARK AB INITIO CHARACTERIZATION

A. Computational details
Due to significant scalar relativistic and core correlation effects in the Br + CH 4 system we consider various ab initio methods and basis sets to achieve high accuracy and get some insight about the uncertainty of the applied methods. The non-relativistic frozen-core computations employ the correlation-consistent polarized Valence n-Zeta basis sets augmented with diffuse functions denoted aug-cc-pVnZ [n = 2(D), 3(T), 4(Q)]. 35 Relativistic ECP computations replace the inner core 1s 2 2s 2 2p 6 electrons of the Br atom by the smallcore energy-consistent pseudopotential of the Stuttgart/Köln type 36 and treat the other 25 electrons (3s 2 3p 6 3d 10 4s 2 4p 5 ) of the Br atom explicitly. The usual frozen-core (FC) approach does not correlate the 3s 2 3p 6 3d 10 electrons of Br and the 1s 2 electrons of the C atom. In the all-electron (AE) computations all the explicitly treated electrons are correlated. For the FC-ECP computations the aug-cc-pVnZ-PP [n = 2(D), 3(T), 4(Q)] basis sets 36 are used, where PP denotes that the basis for Br was optimized for ECP computations, whereas the usual aug-cc-pVnZ functions are used for C and H. For AE-ECP computations we use the aug-cc-pwCVnZ-PP [n = 2(D), 3(T), 4(Q), 5] basis sets, 37 where C denotes tight functions designed to describe the core electron correlation. We also employ an alternative relativistic method based on relativistic one-electron integrals using the second-order Douglas−Kroll−Hess Hamiltonian. 38 For the AE-DK computations we employ the aug-cc-pwCVnZ-DK [n = 2(D), 3(T), 4(Q), 5] basis sets 39 optimized for DK calculations. Here, AE means that only the inner core electrons (1s 2 2s 2 2p 6 ) of the Br atom are kept frozen and all the outer core electrons of Br (3s 2 3p 6 3d 10 ) and the core electrons of C (1s 2 ) as well as all the valence electrons are correlated.
We employ the following single-reference correlation methods: second-order Møller−Plesset perturbation theory (MP2) 40 and a series of coupled-cluster (CC) 41 methods such as CCSD, 42 CCSD(T), 43 CCSDT, 44 CCSDT(Q), 45 where S, D, and T denote all the single, double, and triple excitations and (T) and (Q) mean the perturbative treatment of triple and quadruple excitations. For open-shell systems both the restricted and unrestricted open-shell MP2, denoted as RMP2 and UMP2, respectively, are employed. The CC methods utilize unrestricted formalism, denoted UCC, and restricted open-shell Hartree−Fock (ROHF) reference for UCCSD and UCCSD(T) and unrestricted HF (UHF) orbitals for UCCSDT and UCCSDT(Q). The multi-reference configuration interaction (MRCI+Q) 46 computations using the Davidson correction 47 to estimate the effect of the higherorder excitations (+Q) utilize an active space of 5 electrons in the 3 spatial 4p-like orbitals corresponding to Br. The spin-orbit calculations employ the Breit−Pauli operator in the interacting states approach. 48 All the ab initio computations are performed using MOLPRO, 49 except UCCSDT and UCCSDT(Q), for which the MRCC program 50, 51 (interfaced to MOLPRO) is employed.
We use both the ECP and DK methods to perform the benchmark FPA analysis 32, 33 using the AE-ECP-UCCSD(T)/ aug-cc-pwCVTZ-PP and AE-DK-UCCSD(T)/aug-ccpwCVTZ-DK reference structures, respectively. Single-point AE-ECP and AE-DK computations are performed by ROHF, RMP2, UCCSD, and UCCSD(T) with the basis sets aug-ccpwCVnZ-PP/aug-cc-pwCVnZ-DK [n = 2(D), 3(T), 4(Q), 5] and the electron correlation beyond UCCSD(T) is estimated as the difference between FC-ECP-UCCSD(T)/aug-ccpVnZ-PP and FC-ECP-UCCSDT(Q)/aug-cc-pVnZ-PP energies with n = D or T. The ROHF energies, E HF n , are extrapolated to the CBS limit, E HF CBS , using
For the all-electron RMP2, UCCSD, and UCCSD(T) correlation energy increments, E corr.
n , the CBS limits, E corr.
CBS , are obtained by the extrapolation formula 53 
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In order to get the best estimates for the CBS limits using the above two-parameter asymptotic formulas, the best two energies, i.e., n = 4 and 5, are used in the extrapolations. The scalar relativistic effects are incorporated in both the ECP and DK computations. The final FPA results are obtained by taking the average value of the ECP and DK results and the slight differences between the two approaches are taken into account in the uncertainties. The SO corrections are obtained from the experimentally known SO splitting of the Br atom. The harmonic ZPE corrections are computed at the FC-ECP-UCCSD(T)/aug-cc-pVTZ-PP level of theory, except for the reaction enthalpy for which AE-ECP-UCCSD(T)/aug-ccpwCVTZ-PP harmonic as well as variationally computed anharmonic ZPE corrections are employed.
B. The Br-CH 4 van der Waals region
The ground electronic state of the Br atom ( 2 P) is split into the fourfold degenerate SO ground state ( 2 P 3/2 ) and the twofold degenerate excited SO state ( 2 P 1/2 ). The best experimental value for the splitting is ε = 3685 cm −1 ; thus, the SO ground state is below the non-SO state by ε/3 = 1228 cm −1 . The Br( 2 P 1/2 ) is non-reactive within the BO approximation. When Br( 2 P 3/2 ) approaches CH 4 the fourfold degenerate SO state splits into two doubly degenerate SO states and only one of them correlates with electronically ground-state products. Thus, three doubly degenerate SO states are involved in the dynamics of the Br + CH 4 reaction, and only the SO ground state is reactive within an adiabatic approach. Potential energy curves have been computed for Br-CH 4 as a function of the C-Br distance at the FC-ECP-MRCI+Q/augcc-pVnZ-PP and AE-ECP-MRCI+Q/aug-cc-pwCVnZ-PP [n = D and T] levels of theory. The former gives splittings of 3531 and 3564 cm −1 with n = D and T, respectively, whereas the latter gives 3747 and 3846 cm −1 with n = D and T, respectively. Based on the best agreement between theory and experiment, i.e., 3685 cm −1 vs. 3747 cm −1 , we show the AE-ECP-MRCI+Q/aug-cc-pwCVDZ-PP potential curves in Fig. 1 . As seen, the potentials depend on the orientation of CH 4 relative to Br. We consider two different orientations with CH-Br and HC-Br linear bond arrangements (see the structures in Fig. 1 ). There is a shallow van der Waals (vdW) well in the entrance channel of the Br + CH 4 reaction. The position and depth of this well depend on the orientation of the CH 4 fragment. On the non-SO ground state the minima occur at about 4.0 and 3.5 Å C-Br distances for CH-Br and HCBr complexes, respectively. The latter is significantly deeper, since the depths are 211/97 and 384/268 cm −1 for the CH-Br and HC-Br minima, respectively, obtained with the aug-ccpwCVDZ-PP/aug-cc-pwCVTZ-PP bases. The SO coupling shifts the location of the above minima to 4.2 and 3.7 Å, respectively. The SO effect on the depths is minor for the CH-Br complex, since 211/97 cm −1 becomes 197/100 cm −1 , whereas the HC-Br minimum is significantly shallower on the SO ground state (290/193 cm −1 ) than on the non-SO potential (384/268 cm −1 ). Note that the non-reactive HC-Br minimum remains the deeper minimum on the SO ground-state potential, as well. As seen from the above data, the basis set effect is huge on the depths; as expected, the aug-cc-pwCVDZ-PP basis gives too deep minima. On the basis of the detailed analysis performed previously for the similar Cl + CH 4 reaction considering both MRCI+Q and CCSD(T) methods and basis sets as large as aug-cc-pCVQZ with and without counterpoise correction for the basis set superposition error, we can be confident that the present AE-ECP-MRCI+Q/aug-cc-pwCVTZ-PP data for the well depths are accurate. 16 It is interesting to note that the vdW well, depths and positions of the minima, of the Br + CH 4 reaction is very similar to that of the Cl + CH 4 reaction. Structures of the first-order saddle point, complexes in the HBr + CH 3 channel, and the reactants and products computed at various levels of theory are given in Tables I-III, respectively. The Br + CH 4 reaction has a late barrier, i.e., the saddle-point structure is similar to that of the products. Indeed, the C-H b , where H b is connected to Br, distance is 1.67 Å, stretched substantially, by 0.58 Å, relative to the bond length in CH 4 . On the other hand, the H b -Br distance is 1.49 Å, stretched by only 0.07 Å relative to the bond length in the HBr molecule. The CH bond length within the CH 3 unit at the saddle point is contracted and stretched by 0.007 and 0.003 Å relative to the equilibrium CH bond lengths in CH 4 and CH 3 , respectively. This is also consistent with the product-like barrier of the Br + CH 4 reaction. The UMP2 We have found two minima in the HBr + CH 3 channel; a deeper one with CH 3 -H b Br orientation and a shallower one with CH 3 -BrH b connectivity. Both complexes have C 3v pointgroup symmetry. The C-H b distance for the former is 2.18 Å, stretched by 0.51 Å relative to the saddle-point value. The C-Br distance in the latter complex is 3.44 Å, i.e., significantly longer than the C-H b distance in CH 3 -H b Br. Clearly, the CH 3 -BrH b complex is more product-like, since the H bBr distance is stretched by only 0.002 Å relative to HBr, whereas in CH 3 -H b Br the H b -Br distance is longer than the HBr bond length by 0.013 Å. Furthermore, the HCH b angles are 93.0
• and 90.4
• for the complexes CH 3 -H b Br and CH 3 -BrH b , respectively; thus, these angles are closer and closer to 90
• , in order. The UMP2 method gives reasonable estimates for these structures, since the inter-fragment separations at the UCCSD(T) levels are just slightly longer, by about 0.02−0.05 Å, than the corresponding UMP2 results. The AE-ECP and AE-DK methods give very similar results; the AE-DK inter-fragment distances are shorter by only about 0.004−0.006 Å than the AE-ECP results. The basis set effects are found to be significant for CH 3 -H b Br, because the n = D basis sets overestimate the C-H b separation by about 0.07−0.09 Å, whereas for the CH 3 -BrH b complex the basis set effects are only about 0.01 Å.
D. Barrier height, dissociation energies, and reaction enthalpy
Benchmark barrier height, dissociation energies of CH 3 -HBr and CH 3 -BrH, and reaction enthalpy have been computed using the FPA approach as described in Sec. II A. In the discussion below, we use the DZ, TZ, QZ, and 5Z simplified notations for the aug-cc-pwCVnZ-PP/aug-cc-pwCVnZ-DK basis sets with n = D, T, Q, and 5, respectively. RMP2 results relative to ROHF results, UCCSD relative to RMP2, etc. The FPA results for the classical barrier height (V SP ) of the Br + CH 4 reaction are given in Table IV . The ROHF method seriously overestimates the barrier height by about 60%. As expected, the ROHF energies converge rapidly and the 5Z result is just below the CBS V SP by only 1 cm −1 . The ECP and DK methods provide similar ROHF CBS limits; the 
a The ECP and DK results correspond to the structures optimized at the AE-ECP-UCCSD(T)/aug-cc-pwCVTZ-PP and AE-DK-UCCSD(T)/aug-cc-pwCVTZ-DK levels of theory, respectively. The symbol δ denotes the increments in V SP with respect to the preceding level of theory. b The complete basis set (CBS) ROHF energy and the RMP2, UCCSD, and UCCSD(T) electron correlation energies were calculated using two-parameter extrapolation formulae given in Eqs. (1) and (2), respectively. Only the best two energies were included in the extrapolations. ) and the post-UCCSD(T) correlation effect (−84 cm −1 ), resulting in a non-SO V SP of 6004 ± 50 cm −1 . The uncertainty is estimated considering the two major sources that are the difference between the ECP and DK results and the uncertainty of the post-UCCSD(T) correlation effect. Using the experimental SO correction of +1228 cm −1 , we arrive to the benchmark SO V SP of 7232 ± 50 cm −1 . The harmonic ZPE correction for the barrier height is substantial (−1469 cm −1 ); thus, the adiabaticvibrational-ground-state barrier height is 5763 ± 120 cm −1 (the larger uncertainty is mainly due to the neglected effect of vibrational anharmonicity). 
a The ECP and DK results correspond to the structures optimized at the AE-ECP-UCCSD(T)/aug-cc-pwCVTZ-PP and AE-DK-UCCSD(T)/aug-cc-pwCVTZ-DK levels of theory, respectively. The symbol δ denotes the increments in D e with respect to the preceding level of theory. b The complete basis set (CBS) ROHF energy and the RMP2, UCCSD, and UCCSD(T) electron correlation energies were calculated using two-parameter extrapolation formulae given in Eqs. (1) and (2), respectively. Only the best two energies were included in the extrapolations. 
a The ECP and DK results correspond to the structures optimized at the AE-ECP-UCCSD(T)/aug-cc-pwCVTZ-PP and AE-DK-UCCSD(T)/aug-cc-pwCVTZ-DK levels of theory, respectively. The symbol δ denotes the increments in D e with respect to the preceding level of theory. b The complete basis set (CBS) ROHF energy and the RMP2, UCCSD, and UCCSD(T) electron correlation energies were calculated using two-parameter extrapolation formulae given in Eqs. (1) and (2), respectively. Only the best two energies were included in the extrapolations. have an effect on the dynamics of the "negative-barrier" HBr + CH 3 reaction. Although the uncertainty of the ZPE due to the neglected anharmonic effects is significant, this well likely can support a vibrational ground state complex. The FPA analysis of the enthalpy of the Br + CH 4 → HBr + CH 3 reaction is presented in Table VII . ROHF converges to its CBS limit rapidly, the 5Z and CBS results are the same within 1 cm 
a The ECP and DK results correspond to the structures optimized at the AE-ECP-UCCSD(T)/aug-cc-pwCVTZ-PP and AE-DK-UCCSD(T)/aug-cc-pwCVTZ-DK levels of theory, respectively. The symbol δ denotes the increments in E e with respect to the preceding level of theory. b The complete basis set (CBS) ROHF energy and the RMP2, UCCSD, and UCCSD(T) electron correlation energies were calculated using two-parameter extrapolation formulae given in Eqs.
(1) and (2), respectively. Only the best two energies were included in the extrapolations. ± 50 cm −1 without and with SO correction, respectively. Considering harmonic and anharmonic ZPE corrections of −1986 and −1928 cm −1 , respectively, the 0 K reaction enthalpies, including SO corrections, are 5871 and 5929 ± 80 cm −1 . For this thermochemical quantity we can compare the present computed result of 5929 ± 80 cm −1 to the reaction enthalpy of 5873 ± 39 cm −1 obtained from the 0 K enthalpies of formation of the species Br (9858 ± 10 cm −1 ), CH 4 (−5570 ± 25 cm −1 ), HBr (−2377 ± 13 cm −1 ), and CH 3 (12539 ± 25 cm −1 ) taken from the NIST database. We can also compare the computed reaction enthalpy to the barrier height. Without ZPE, the barrier height of 7232 ± 50 cm −1 is clearly below the HBr + CH 3 asymptote of 7857 ± 50 cm −1 ; thus, the classical barrier height of the HBr + CH 3 reaction is negative. When ZPE correction is included the adiabatic barrier height of 5763 ± 120 cm −1 is still below the reaction enthalpy of 5871 ± 80 cm −1 indicating a slightly negative adiabatic barrier for the HBr + CH 3 reaction, though the uncertainty of this prediction is large. Note that here we use the harmonic ZPE correction for the reaction enthalpy in order to make a consistent comparison with the adiabatic barrier height.
Summary of the FPA analysis for the thermochemical data of the Br + CH 4 → HBr + CH 3 reaction is given in Table VIII . It is generally true that the ROHF method gives unreasonable results, especially for the barrier height and the binding energies of the vdW complexes. Even if ECP and DK, the two different approaches employed to account for scalar relativistic effects, gave similar results, at the accuracy of the present study the difference between the ECP and DK values was one of the major sources of the uncertainty for the classical barrier height and reaction enthalpy. The ZPE corrections were found substantial in all cases. The schematic of the PES of the Br + CH 4 → HBr + CH 3 reaction showing the structures of the stationary points and the corresponding new benchmark energies (excluding ZPE) is presented in Fig. 2 . Comparing the Br + CH 4 PES to the PES of the Cl + CH 4 reaction, beside many similarities (late-barrier and complexes in the entrance and product channels), we can observe major differences such as the SO shift from 2 P to 2 P 3/2 is about 4 times larger for Br than Cl, the classical barrier height and endothermicity are about 3 and 4 times higher for the Br + CH 4 reaction, respectively, and the classical barrier height is negative for the HBr + CH 3 reaction, whereas positive for HCl + CH 3 . 15, 16 
III. AB INITIO NON-SPIN-ORBIT AND SPIN-ORBIT GROUND-STATE POTENTIAL ENERGY SURFACES
The two key steps of the present PES development are (1) the computation of a large number of ab initio energy points and (2) the representation of the PES by an analytical function. First, we describe below how we test the performance of different ab initio levels of theory for the title reaction and we propose an efficient composite approach which gives highquality energy points with affordable computational cost. Second, we describe the details of the fit using the permutationally invariant polynomial approach. 12, 13 Finally, we compare the properties of the new non-SO and SO ground-state fulldimensional PESs to the best ab initio predictions.
A. The ab initio data
Our goal is to compute more than 10 000 accurate ab initio energy points within affordable computational time. We aim to obtain chemical accuracy (<1 kcal/mol) or even better; for example, an accuracy better than 0.5 kcal/mol (175 cm −1 ). To achieve this goal we have to consider the performance of different ab initio methods and basis sets. Furthermore, since the title reaction involves a heavy atom (Br), one has to pay special attention to core-electron correlation, scalar relativistic, and spin-orbit effects. We have selected 15 configurations representing different regions of the PES and covering energies up to 21 000 cm As reference results we use the highly accurate AE-ECP-UCCSD(T)/aug-cc-pwCVQZ-PP data and we consider the root-mean-square (RMS) errors of the different levels of theory relative to these reference energies. Note that the also highly accurate AE-DK-UCCSD(T)/aug-cc-pwCVQZ-DK energies agree with the above ECP reference data with a RMS of only 36 cm −1 (0.1 kcal/mol). Figure 3 shows the RMS errors of the above described ab initio methods/bases. As seen, neither frozen-core nor all-electron UMP2 calculations provide chemical accuracy. Furthermore, if we use the usual frozen-core approach, even the UCCSD(T) method is insufficient to achieve our target accuracy, since the FC-ECP-UCCSD(T) RMS errors are 1249, 463, and 319 cm 
is defined as E[AE-ECP-UCCSD(T)/aug-cc-pwCVDZ-PP] + E[AE-ECP-UMP2/aug-cc-pwCVTZ-PP] -E[AE-ECP-UMP2/aug-cc-pwCVDZ-PP].
= D, T, and Q, respectively. This indicates that we need to consider the correlation of the core electrons. Indeed, the AE-ECP-UCCSD(T)/aug-cc-pwCVTZ-PP level of theory outperforms even the also very expensive FC-ECP-UCCSD(T)/augcc-pVQZ-PP level and provides really accurate results with a RMS of only 109 cm −1 . However, due to the many core electrons in the Br + CH 4 system, the AE-ECP-UCCSD(T)/augcc-pwCVTZ-PP level of theory is too time consuming to compute more than 10 000 energies, especially without symmetry. Therefore, we use a composite approach, where the energies are defined as
E[AE-ECP-UCCSD(T)/aug-cc-pwCVDZ-PP] + E[AE-ECP-UMP2/aug-cc-pwCVTZ-PP] − E[AE-ECP-UMP2/aug-cc-pwCVDZ-PP].
(3)
As also shown in Fig. 3 , this composite method provides high-quality results with a RMS of only 129 cm −1 relative to AE-ECP-UCCSD(T)/aug-cc-pwCVQZ-PP. This RMS is very similar to that of AE-ECP-UCCSD(T)/aug-cc-pwCVTZ-PP but the cost of the composite energies is significantly less (by a factor of about 15, of course, depending on the ab initio program employed). It is important to emphasize that this composite method significantly outperforms the FC-ECP-UCCSD(T)/aug-cc-pVTZ-PP and FC-ECP-UCCSD(T)/augcc-pVQZ-PP "high" levels (see Fig. 3 ). The performance of this composite method is further analyzed in Fig. 4 , where we show the individual errors of the three components of the composite energy at 15 different geometries. It is seen that each level of theory given in Eq. (3) provides significant deviations, sometimes larger than 500−1000 cm −1 with varying signs, from the accurate reference results, whereas the composite energies are always close to the high-quality reference data. The SO effects are considered as an additive correction to the non-SO composite energy defined in Eq. (3). We compute the SO corrections as E SO -E non-SO , where E SO and E non-SO are the SO ground-state and non-SO ground-state electronic energies, respectively, obtained at the AE-ECP-MRCI+Q/aug-cc-pwCVDZ-PP level of theory. The SO corrections as a function of the CH 4 -Br inter-fragment separation are shown in Fig. 5 . As seen, the nearly constant value at distances larger than 4 Å decreases as Br approaches CH 4 and tends to vanish at C-Br distances less than about 2 Å. The SO effect depends on the relative orientation of the reactants; the HCH 3 -Br configurations usually give substantially larger absolute corrections than the H 3 CH-Br orientations at the same C-Br distances. For example, at a C-Br distance of 3.0 Å, the SO corrections are −457 and −860 cm −1 for H 3 CH-Br and HCH 3 -Br, respectively. Since the SO correction is only significant in the entrance channel of the Br + CH 4 reaction, we have selected structures from the total set of configurations based on the following geometrical conditions: 
is defined as E[AE-ECP-UCCSD(T)/aug-cc-pwCVDZ-PP] + E[AE-ECP-UMP2/aug-ccpwCVTZ-PP] -E[AE-ECP-UMP2/aug-cc-pwCVDZ-PP].
Equation (4) resulted in 3127 entrance-channel configurations (excluding the 2000 Br + CH 4 fragment data, where a constant SO correction is applied), where the SO corrections have been computed and the E SO -E non-SO energy differences have been added to the non-SO composite energies.
B. Fitting the ab initio energies
We have used the above defined composite method to compute a total number of 21 574 ab initio energy points. the energy intervals (0, 11 000), (11 000, 22 000), (22 000, 55 000), and >55 000 cm −1 , respectively. We have used the permutationally invariant polynomial approach 12, 13 to fit the non-SO and SO-corrected energy points. The analytical PES is a polynomial expansion of a basis that is invariant under permutations of the identical atoms. To get favorable asymptotic behavior the permutationally invariant basis functions are expressed in Morse-like variables, y ij = exp(−r ij /a), where r ij are the inter-atomic distances and a = 2 bohrs. We have done sixth-order weighted (an energy (E) relative to the global minimum has weight E 0 /(E + E 0 ), where E 0 = 11 000 cm −1 ) linear least-squares fits of the non-SO and the SO energies, which result in 3262 coefficients for each PES. For the non-SO/SO PESs the RMS fitting errors are 64/63, 132/140, and 358/347 cm −1 for energy ranges 0-11 000, 11 000-22 000, and 22 000-55 000 cm −1 , respectively. Note that the RMS errors up to 22 000 cm −1 , the energy range most important for chemical applications, are below the target accuracy of the present study and the accuracy of the fits is similar to the accuracy of the composite ab initio energy points.
C. The properties of the non-SO and SO potential energy surfaces
We have carried out geometry optimizations and harmonic frequency computations on the new PESs in order to compare the relative energies, structures, and frequencies of the stationary points to the new benchmark data described in Sec. II.
In Fig. 1 one-dimensional cuts for the entrance channel as a function of the Br-CH 4 (eq) distance are shown. The PESs give a splitting of 1240 cm −1 between the Br( 2 P) and Br( 2 P 3/2 ) + CH 4 asymptotes, in excellent agreement with experiment (1228 cm −1 ). As also shown in Fig. 1 , both the non-SO and SO PESs describe the shallow vdW wells showing that the HCH 3 -Br orientation is the deeper minimum, in good agreement with the direct ab initio AE-ECP-MRCI+Q/aug-cc-pwCVDZ-PP curves. In Fig. 5 the SO corrections, i.e., the differences between the SO and non-SO ground-state electronic energies, are shown obtained from direct ab initio computations and from the PESs. It is seen that the PES values reproduce the correct distance and orientation dependence of the SO corrections, in good agreement with the direct ab initio data.
In Tables IX and X the structures and energetics of the saddle point, CH 3 -HBr and CH 3 -BrH complexes, and reactants and products are given. It is important to note that the SO correction has no effect on these structures; however, since the fits are global, the significant SO corrections in the entrance channel can result in slight differences between the product regions of the non-SO and SO PESs. As seen in Table IX , these differences are negligible and many structural parameters agree within 0.001 Å on the two PESs. Considering (CH 3 -H b -Br) SP , the CH, CH b , and H b Br distances on the non-SO/SO PESs are 1.081/1.081, a Results corresponding to the non-SO and SO PESs. The two PESs give the same structural parameters within 0.001 Å. b Results obtained by ab initio calculations at the FC-UCCSD(T)/aug-cc-pVTZ level of theory. For Br ECP and the corresponding aug-cc-pVTZ-PP basis set were employed. c Accurate structures obtained at AE-UCCSD(T)/aug-cc-pwCVQZ level of theory. For Br ECP and the corresponding aug-cc-pwCVQZ-PP basis set were employed. The highly accurate relative energies were obtained from the focal-point analysis as given in Table VIII . d The SO energy shift is obtained from the experimental Br atom splitting (ε = 3685 cm −1 ), as ε/3 = 1228 cm −1 . Tables IX and  X . The classical barrier heights on the non-SO and SO PESs are 6039 and 7285 cm −1 , respectively, in excellent agreement with the corresponding benchmark FPA results of 6004 ± 50 and 7232 ± 50 cm −1 . The PES is significantly more accurate than FC-ECP-UCCSD(T)/aug-cc-pVTZ-PP, since this ab initio level gives classical barriers of 6402 and 7630 cm −1 relative to Br( 2 P) and Br( 2 P 3/2 ) + CH 4 , respectively, overestimating the barriers by roughly 1.1 kcal/mol, whereas the PESs are accurate within 0.16 kcal/mol. The depths of the CH 3 -HBr and CH 3 -BrH minima relative to HBr(eq) + CH 3 (eq) are 875/867 and 411/399 cm −1 on the non-SO/SO PESs, respectively, whereas the corresponding benchmark D e values are 799 ± 10 and 344 ± 10 cm −1 . For the reaction endothermicity (excluding ZPE) the non-SO and SO PESs provide 6637 and 7867 cm −1 , respectively, in fortuitously excellent agreement with the corresponding benchmark data of 6629 ± 50 and 7857 ± 50 cm −1 , whereas FC-UCCSD(T)/aug-cc-pVTZ overestimates the endothermicity by 400 cm −1 . Harmonic vibrational frequencies for (CH 3 -H-Br) SP , CH 3 -HBr, and CH 3 -BrH obtained from the PESs and at FC-ECP-UCCSD(T)/aug-cc-pVnZ-PP [n = D and T] are given in Table XI , whereas the frequencies of CH 4 , CH 3 , and HBr are given in Table XII . For the reactant and products we also performed more accurate AE-UCCSD(T)/aug-cc-pwCVnZ [n = D and T] computations as also shown in Table XII . Similar to the structures, the SO coupling does not affect the frequencies, but the global fits can result in slightly different results. In the discussion below the frequencies corresponding to the SO PES are given. (CH 3 -H-Br) SP is a first-order saddle point on the PES with a low imaginary frequency of 303i cm −1 , whereas the benchmark value is 261i cm −1 . The 12 (counting the e modes twice) harmonic fundamental frequencies on the PES agree with the FC-ECP-UCCSD(T)/aug-cc-pVTZ-PP results with RMS deviations of 41, 32, and 23 cm −1 for (CH 3 -H-Br) SP , CH 3 -HBr, and CH 3 -BrH, respectively. For CH 4 , CH 3 , and HBr the RMS differences between the PES and FC-UCCSD(T)/aug-cc-pVTZ(AE-UCCSD(T)/aug-ccpwCVTZ) wavenumbers are 3(8), 13(21) , and 41 (27) cm −1 . In the case of the CH 3 -HBr complex the HBr stretching frequency is 2478 cm −1 on the PES, substantially redshifted by 207 cm −1 relative to the frequency of the HBr molecule. The PES gives an accurate prediction for this redshift, since the FC-ECP-UCCSD(T)/aug-cc-pVTZ-PP value is 185 cm −1 . Since the CH 3 -BrH complex is more weakly bonded, the redshift of the HBr fundamental is an order of magnitude smaller than that of the CH 3 -HBr complex.
IV. QUASICLASSICAL TRAJECTORY CALCULATIONS
A. Computational details
Initial conditions
We perform full-dimensional QCT calculations for the Br( 2 P 3/2 ) + CH 4 (v k = 0, 1) → HBr + CH 3 [k = 1, 2, 3, 4] reactions using the new SO PES. To investigate the effect of the SO correction, QCT calculations are also performed on the non-SO PES for the Br( 2 P) + CH 4 (v = 0) reaction. The vibrational ground state is denoted as v = 0, whereas v 4 , v 2 , v 1 , and v 3 are the umbrella, bending, symmetric stretching, and asymmetric stretching modes of CH 4 , respectively. Standard normal-mode sampling 54 is employed to prepare the initial quasiclassical vibrational ground and mode-specific excited states. The initial distance between the center of mass of the reactants is √ x 2 + b 2 , where b is the impact parameter and x = 10 bohrs. The orientation of CH 4 is randomly sampled and b is scanned from 0 to 6 bohrs with a step size of 0.5 bohrs. We compute 25 000 trajectories at each b; thus, the total number of trajectories is 325 000 for each collision energy (E coll ). QCT calculations are carried out at 6, 7, and 8 different collision energies in the ranges 6000-16 000, 4000-16 000, and 2000-16 000 cm −1 for the ground-state, bending/umbrellaexcited, and stretching-excited reactions, respectively. Thus, we run a total of 13 650 000 trajectories. An integration step of 0.0726 fs is used and the trajectories usually finish within a few hundred fs.
Final conditions
We compute integral and differential cross sections as well as reaction probabilities at several collision energies. The QCT analysis considers all the trajectories without ZPE constraint as well as various treatments of the usual ZPE issue of QCT method. We use the soft, hard, and CH 3 vibrational energy-based ZPE constraints as well as Gaussian binning (1GB). [55] [56] [57] The soft ZPE constraint discards trajectories if E vib (HBr) + E vib (CH 3 ) is less than the sum ZPE(HBr) + ZPE(CH 3 ), whereas the hard constraint discards trajectories if either E vib (HBr) or E vib (CH 3 ) is less than the corresponding ZPE. We also consider a CH 3 vibrational energybased ZPE constraint, which is only applied to the polyatomic product. The Gaussian binning is done using the 1GB strategy 55, 56 based on the quantized harmonic vibrational energy compared to the classical vibrational energy of the product evaluated exactly in the Cartesian space as described in detail in Ref. 57 . The weight of a trajectory is obtained as the product of the weights of HBr(v) and CH 3 (n 1 n 2 n 3 n 4 ). 1GB has the advantage that only one Gaussian weight is computed for a polyatomic product, i.e., CH 3 in the present case.
B. Mode-selectivity for the Br + CH 4 reaction
Reactant vibrational mode-specific integral cross sections for the Br( 2 P 3/2 ) + CH 4 (v k = 0, 1) [k = 1, 2, 3, 4] reactions as a function of collision energy are given in Figure 6 . The cross sections of the ground-state reaction are very small, at least an order of magnitude less than those of the Cl + CH 4 (v = 0) reaction. 16 We have found that reactant vibrational excitations have a substantial effect on the reactivity. Considering all the trajectories without ZPE constraint or weighting, the umbrella and bending excitations similarly enhance the reactivity by a factor of 5-7 around E coll = 8000 cm −1 and at a large E coll of 16 000 cm −1 the enhancement factor is still around 3. The stretching modes have even much more significant effects on the reactivity, since the enhancement factors are 40-50 (v 1 = 1) and 20-30 (v 3 = 1) at E coll = 8000 cm −1 and around 10 (v 1 = 1) and 8 (v 3 = 1) at E coll = 16 000 cm −1 . In Fig. 6 the ZPE(soft), ZPE(hard), and ZPE(CH 3 ) constrained as well as 1GB results are also shown. As seen, most of the trajectories violate product ZPE, since the ZPE constrained cross sections are an order of magnitude less than the non-constrained results. The magnitude of the 1GB results is similar to the all trajectory ones, but the normalization of Gaussian binning for bimolecular processes is problematic, because we cannot simply assign weights for non-reactive trajectories. In the present study we compute the 1GB reaction probabilities as a sum of the weights of the reactive trajectories divided by the total number of trajectories. The soft and CH 3 -based constraints give very similar results, this was also found for the Cl + CH 4 reaction, 16 whereas the hard ZPE constraint provides about 3 times smaller cross sections. Nevertheless, there are many similarities between the non-constrained and various ZPE constrained results. The significant vibrational enhancement effects are seen in all the cases. The ZPE constrained results show that the excitation of the stretching modes has much larger enhancement effects than that of the bending/umbrella modes, in agreement with the non-constrained results. Note that when the ZPE Gaussian binning 20 The Polanyi rules predict that vibrational energy is more efficient than translational energy to activate a late-barrier reaction. In order to investigate the validity of these rules for the late-barrier Br + CH 4 reaction, we plot the cross sections as a function of total energy (sum of E coll and vibra- tional excitation energy) in Fig. 7 . As seen in Fig. 7 , excitation of any vibrational mode significantly enhances the reactivity relative to the Br + CH 4 (v = 0) reaction. The vibrational enhancement is substantial even at low collision energies, which is different from the similar late-barrier Cl + CH 4 /CHD 3 reaction. 15, 19, 24, 58 Figure 7 nicely demonstrates that chemical reactivity depends on the distribution of the initial total energy, since at the same total energy the reactivity is quite different if the energy is deposited into translation or vibration. Furthermore, not all the vibrational modes of the polyatomic reactants are equally efficient to help the reaction to surmount the barrier. Clearly, the stretching modes of CH 4 have more substantial enhancement effects than the bending/umbrella modes. Overall, the late-barrier Br + CH 4 reaction is a good example where the extended Polanyi rules hold.
We have investigated the effect of the SO correction on the dynamics by comparing the cross sections of the Br( 2 P) + CH 4 barrier height by 1228 cm −1 , we can expect larger cross sections on the non-SO PES. Indeed, the non-SO cross sections are 3-5 times larger than the SO ones. The SO effect on the Br + CH 4 reaction is significantly larger than that on the Cl + CH 4 reaction. 16 For the latter, the SO correction decreases the cross sections by a factor of 1.5-2.5 at low collision energies and the non-SO/SO cross section ratios are only 1.0-1.2 above E coll = 10 000 cm −1 . 16 For Br + CH 4 , the rapid decay of the non-SO/SO cross section ratios with increasing E coll is not seen; the ratios are 4-5 at low E coll and still close to 3 at E coll = 16 000 cm −1 . The fact that an energy shift of 1228 cm −1 can cause large effects on the cross sections at high E coll is not surprising, because the enhancement factors of the bending modes, excitation energies of 1300-1600 cm −1 , are similar to the non-SO/SO cross section ratios. Of course, it is interesting to find that the neglect of the SO correction behaves as an internal energy excitation. This indicates that one cannot neglect the SO effect in the title reaction, especially for thermal rate calculations.
The reaction probabilities as a function of impact parameter for the Br( 2 P 3/2 ) + CH 4 (v k = 0, 1) [k = 1, 2, 3, 4] reactions at collision energies of 8000, 12 000, and 16 000 cm −1 are given in Fig. 9 . The reaction probabilities are very small, especially for the ground-state reaction. The value of P(b = 0) for Br( 2 P 3/2 ) + CH 4 (v = 0) is only 0.0003 at E coll = 8000 cm −1 and it increases to 0.0036 at E coll = 16 000 cm −1 . It means that only about 0.36% of the trajectories are reactive at a high E coll of 16 000 cm −1 without applying any ZPE constraint, which would further decrease the reactivity. For comparison, at the same E coll and with the same QCT analysis, P(b = 0) is more than 10% for the Cl( 2 P 3/2 ) + CH 4 (v = 0) reaction. 16 The maximum impact parameter is about 4-5 bohrs for the Br( 2 P 3/2 ) + CH 4 (v = 0) reaction, and significantly higher, about 6 bohrs for the stretching-excited reactions. The enhancement of the reactivity upon vibrational excitations is seen in Fig. 9 , in accord with the cross section data discussed above.
Differential cross sections for the Br( 2 P 3/2 ) + CH 4 (v k = 0, 1) [k = 1, 2, 3, 4] reactions at different collision energies are shown in Figs. 10 and 11. For the ground-state reaction backward scattering is the dominant mechanism, especially at higher collision energies. For the bending/umbrella excited reactions the products are scattered at every direction with similar probabilities, whereas for the stretching-excited reactions a clear preference toward forward scattering is seen. These angular distributions are consistent with the impact parameter dependence of the reaction probabilities, since the maximum impact parameters significantly increase upon vibrational excitations. For the Cl( 2 P 3/2 ) + CH 4 (v = 0) reaction we found a dramatic shift of the angular distributions from backward to forward directions with increasing collision energy. 59 In the case of the Br( 2 P 3/2 ) + CH 4 (v = 0) reaction the collision energy dependence of the angular distributions is less significant. This finding may be explained by the fact that the threshold energy for the title reaction is significantly higher than that of Cl + CH 4 ; thus, the latter could be studied at much lower collision energies than the former. Indeed, the Cl + CH 4 (v = 0) reaction was clearly backward scattered at an E coll of around 1300 cm −1 , 59 whereas we consider more than 6 times larger collision energies for Br + CH 4 (v = 0). 
V. SUMMARY AND CONCLUSIONS
We have developed the first ab initio full-dimensional PESs for the non-SO and SO ground electronic states of the Br + CH 4 → HBr + CH 3 reaction. Furthermore, we have computed benchmark data for the controversial thermochemistry of the title reaction employing the composite FPA approach. 32, 33 The present FPA computations provide all-electron relativistic CCSDT(Q)/complete-basis-set quality results with realistic uncertainties. Without ZPE the new benchmark energies clearly show that the barrier is below the HBr + CH 3 asymptote by 625 cm −1 , and vdW complexes, CH 3 -HBr and CH 3 -BrH, exist with D e values of 799 ± 10 and 344 ± 10 cm −1 , respectively. If the substantial ZPE corrections are included, the barrier of the HBr + CH 3 reaction is only slightly below the reactants by 108 cm −1 , and the D 0 values of the above complexes are only 319 and 88 cm −1 , respectively. The uncertainty of these ZPE corrected results is larger than that of the classical results, because the ZPEs were obtained by using the harmonic approximation.
The analytical non-SO and SO PESs were obtained by fitting 21 574 high-quality ab initio energy points using the permutationally invariant polynomial approach. 12, 13 We found that the correlation of all the electrons and the use of the CCSD(T) method and a triple-zeta quality basis are essential to achieve accuracy better than 0.5 kcal/mol (175 cm −1 ). Thus, the energy points were computed by an efficient composite method based on explicit all-electron ECP-UCCSD(T)/aug-cc-pwCVDZ-PP and ECP-UMP2/augcc-pwCVnZ-PP [n = D and T] computations. This composite method is shown to agree with the highly accurate AE-ECP-UCCSD(T)/aug-cc-pwCVQZ-PP energies within our target accuracy of 0.5 kcal/mol. The significant scalar relativistic effects were treated by using a relativistic effective core potential for Br. The SO effects were considered as additive corrections to the non-SO composite energies. The geometry dependent SO corrections were obtained at 3127 entrancechannel configurations (excluding 2000 fragment data) with MRCI+Q computations using the interacting states approach. The analytical PESs accurately describe the vdW complexes in the entrance and product channels as well as the first-order saddle point of the title reaction. The classical barrier height and endothermicity are 7285 and 7867 cm −1 on the SO PES, in excellent agreement with the benchmark values of 7232 ± 50 and 7857 ± 50 cm −1 , respectively. The mode-selective dynamics of the Br + CH 4 reaction was investigated by running more than 13 million quasiclassical trajectories on the new non-SO and SO PESs. The Polanyi rules hold for this late-barrier polyatomic reaction, since the vibrational excitations are much more efficient to activate the reaction than translation energy. We found that excitations of the bending/umbrella modes by one quantum enhance the reactivity by a factor of 3−7 in the collision energy range of 8000−16 000 cm −1 and the stretching modes have an order of magnitude larger enhancement factors. If the PES does not include the SO corrections, the cross sections of the Br + CH 4 (v = 0) reaction are about 3−4 times larger than those on the SO PES at collision energies about two times higher than the barrier height. This SO effect is much more significant than that in the Cl + CH 4 reaction. Another notable difference between the Br and Cl + CH 4 reactions is that the reactivity of the title reaction is about two orders of magnitude smaller than that of the Cl + CH 4 reaction. The differential cross sections of the Br + CH 4 reaction show mainly backward scattering for the ground-state reaction and a preference toward forward directions for the reactant stretching-excited reactions, in accord with the increase of the maximum impact parameter upon stretching excitations.
